Introduction {#ss1}
============

Oral glucose administration leads to greater insulin release from pancreatic islets than that by intravenous glucose loading yielding equivalent glucose levels. Gut hormonal substances released in response to glucose include the incretins, gastric inhibitory polypeptide (GIP) and glucagon‐like peptide‐1 (GLP‐1), which are responsible for 50--60% of postprandial insulin secretion[^1^](#b1){ref-type="ref"}. GIP is secreted on meal ingestion from K‐cells in the proximal small intestine, whereas GLP‐1 is secreted from L‐cells in the distal small intestine and colon, and binds to their respective receptors on the surface of pancreatic β‐cells to stimulate insulin secretion by increasing the intracellular adenosine 3′,5′‐monophosphate concentration[^2^](#b2){ref-type="ref"}.

The incretin effect has been shown to be reduced in type 2 diabetic patients compared with that in normal glucose tolerance (NGT) subjects in previous studies[^3,4^](#b3 b4){ref-type="ref"}, suggesting that a reduced incretin effect might be associated with hyperglycemia after food intake and glucose loading in type 2 diabetes. Plasma GLP‐1 concentrations in type 2 diabetic patients have been reported to be reduced after meal ingestion and glucose loading[^4,5^](#b4 b5){ref-type="ref"}. However, in other studies, it was reported that GLP‐1 concentrations did not differ in NGT and type 2 diabetic patients[^6--8^](#b6 b7 b8){ref-type="ref"}. When intravenous infusion of GIP or GLP‐1 was carried out in type 2 diabetic patients, GLP‐1 potentiated insulin secretion from pancreatic β‐cells, but GIP did not, showing that the GIP receptor (GIPR) signal is reduced in β‐cells in type 2 diabetes[^9^](#b9){ref-type="ref"}. In contrast, the GIPR signal plays an important role in maintaining blood glucose levels in the non‐diabetic obese state[^10,11^](#b10 b11){ref-type="ref"}. Indeed, GIP concentrations are reported to be increased in obese rodent models and obese Caucasian subjects compared with those in lean rodents and lean Caucasian subjects, respectively[^12--14^](#b12 b13 b14){ref-type="ref"}. In addition, we have previously shown hypersensitivity of GIPR to GIP in β‐cells of high fat‐induced obese mice[^11^](#b11){ref-type="ref"}. In summary, evaluation of incretin secretion and the incretin effect in subjects with various levels of glucose tolerance is important to determine the contribution of incretin deficiency in progression from NGT to type 2 diabetes.

Type 2 diabetes is characterized by both decreased insulin secretion and reduced insulin sensitivity[^15--17^](#b15 b16 b17){ref-type="ref"}. In Caucasians, insulin resistance is thought to play a critical role in the pathogenesis of type 2 diabetes. In contrast, insulin sensitivity in Asian subjects has been shown to be higher than that in Mexican Americans and Caucasians in previous reports[^18,19^](#b18 b19){ref-type="ref"}, which is partly because of the fact that Asians, including Japanese, are generally less obese. Thus, insulin secretion rather than insulin sensitivity is considered to be the more important factor in progression from NGT to diabetes in Japanese subjects[^20^](#b20){ref-type="ref"}. Indeed, we have reported that early‐phase insulin secretion is considerably decreased even in Japanese NGT subjects with 1‐h plasma glucose levels higher than 10 mmol/L during an oral glucose tolerance test (OGTT)[^21^](#b21){ref-type="ref"}.

A recent study showed that, in both Caucasian NGT subjects and Caucasian type 2 diabetic patients, a meal tolerance test (MTT) elicited a significantly greater response of GIP levels than that elicited by OGTT, whereas GLP‐1 levels were not different between OGTT and MTT[^6^](#b6){ref-type="ref"}. In a previous study comparing the incretin secretion measured after different amounts of glucose load in healthy Caucasian subjects and type 2 diabetic Caucasian patients, GLP‐1 and GIP were dose‐dependently increased[^22^](#b22){ref-type="ref"}. Plasma GLP‐1 and GIP levels after glucose load or meal ingestion have been evaluated mainly in Caucasian subjects. In Japanese subjects, there has not been thorough elucidation, and little is known about the relationship between incretin secretion, and the kind and amount of nutrition load.

In the present study, we investigated incretin levels in association with the amount of glucose load and meal ingestion by measuring plasma GLP‐1 and GIP levels after administration of 17 or 75 g glucose or mixed meal in Japanese NGT subjects.

Materials and Methods {#ss2}
=====================

Subjects {#ss3}
--------

A total of 10 healthy Japanese volunteers (eight male and two female) were recruited into the present study. The subjects had no history of hypertension, hyperlipidemia or kidney and liver diseases, and did not take any drugs 2 weeks before the study. The study was designed in compliance with the ethics regulations of the Helsinki Declaration and Kyoto University. Informed consent was obtained from all subjects.

Study Procedure {#ss4}
---------------

The subjects' age, height and bodyweight were determined. Blood samples for measurement of liver and kidney function, HbA~1c~ (National Glycohemoglobin Standardization Program), triglycerides (TG), total cholesterol and high‐density lipoprotein (HDL)‐cholesterol levels were drawn after an overnight fast. All subjects received 75 g OGTT, 17 g (approximately a quarter of 75 g) OGTT and a MTT. The interval between tests was 2--4 weeks. The total caloric content of the test meal was 450 kcal (carbohydrates 57.8 g, protein 17.2 g, fat 16.6 g). After the subjects fasted overnight for 10--16 h, OGTT or MTT was carried out according to the National Diabetes Data Group recommendations[^23^](#b23){ref-type="ref"}. NGT was diagnosed according to World Health Organization (WHO) criteria[^24^](#b24){ref-type="ref"}.

Blood samples were collected at 0, 30, 60, 120 and 180 min after glucose loadings or meal ingestion and were centrifuged at 1800 *g* at 4°C for 10 min. After collecting supernatant of the samples, plasma and serum were stocked at −80°C. Blood was distributed into chilled tubes containing ethylenediaminetetraacetic acid and aprotinin (500 kIU/mL blood, Trasylol; SRL Inc., Tokyo, Japan) for analyses of GLP‐1 and GIP. Plasma glucose (PG), serum insulin (IRI), serum C‐peptide (CPR), plasma total GIP and plasma total GLP‐1 were measured at the indicated times. The PG levels were measured by the glucose oxidase method. Serum IRI and CPR levels were measured by enzyme‐linked immunosorbent assay. Total GIP and total GLP‐1 levels were measured using a human GIP ELISA kit (Linco Research, St Charles, MO, USA) and human GLP‐1 ELISA kit (Meso Scale Discovery, Gaithersburg, MD, USA), respectively, as previously described[^25^](#b25){ref-type="ref"}.

Calculations and Statistical Analysis {#ss5}
-------------------------------------

The area under the curve of PG (AUC‐PG), IRI (AUC‐IRI), CPR (AUC‐CPR), total GIP (AUC‐GIP) and total GLP‐1 (AUC‐GLP‐1) were calculated by the trapezoidal rule. Statistical analyses were carried out using [anova]{.smallcaps} and unpaired Student's *t*‐test. *P*‐values \<0.05 were considered statistically significant. Data are presented as mean ± standard error (SE).

Results {#ss6}
=======

The profiles of the subjects are shown in [Table 1](#t1){ref-type="table-wrap"}. Mean age was 32.2 ± 2.0 years and mean body mass index was 22.4 ± 0.8 kg/m^2^. Insulinogenic index, homeostasis model assessment (HOMA)‐β and HOMA‐insulin resistance were 0.59 ± 0.10, 76.50 ± 12.60, 1.10 ± 0.19, respectively. No subjects had liver or kidney dysfunction. HbA~1c~, PG, TG, total cholesterol and HDL‐cholesterol levels were within normal limits in the fasting state.

######  Clinical characteristics of the subjects

  *n* (Male/female)                 10 (8/2)
  --------------------------------- -------------
  Age (years)                       32.2 ± 2.0
  BMI (kg/m^2^)                     22.4 ± 0.8
  Fasting plasma glucose (mmol/L)   4.9 ± 0.2
  HbA~1c~ (%)                       5.3 ± 0.1
  Triglycerides (mg/dL)             79.4 ± 10.5
  Total cholesterol (mg/dL)         169.2 ± 6.1
  HDL‐cholesterol (mg/dL)           61.5 ± 5.3
  LDL‐cholesterol (mg/dL)           93.0 ± 9.2

Data represent the mean ± SD. BMI, body mass index; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein.

The profiles of PG, IRI and CPR in 75 g OGTT, 17 g OGTT and MTT are shown in [Figure 1](#f1){ref-type="fig"}. Judging by the results of 75 g OGTT, all the subjects were diagnosed with NGT according to WHO criteria with fasting plasma glucose and 2 h glucose levels below 6.1 and 7.8 mmol/L, respectively. Fasting concentrations of PG, IRI and CPR were not different among the two OGTT and MTT. In OGTT studies, AUC‐PG, AUC‐IRI and AUC‐CPR measured by the 75 g OGTT were significantly larger than those measured by the 17 g OGTT ([Figure 1d--f](#f1){ref-type="fig"}). At 30 min after glucose ingestion, the levels of PG, IRI and CPR in the 75 g OGTT and those in the 17 g OGTT were not significantly different. Between MTT and the two OGTT, AUC‐PG, AUC‐IRI and AUC‐CPR in MTT were significantly higher than those in the 17 g OGTT. AUC‐PG, AUC‐IRI and AUC‐CPR in the 75 g OGTT and in MTT were not significantly different.

![ Concentrations of (a) plasma glucose (PG), (b) serum insulin (IRI) and (c) serum C‐peptide (CPR) during the 75 g oral glucose tolerance test (OGTT; closed circle), 17 g OGTT (closed square) and meal tolerance test (MTT; closed triangle) in 10 Japanese subjects. Asterisks indicate significant differences vs 75 g OGTT at individual time‐points (\**P *\< 0.05, \*\**P *\< 0.01, \*\*\**P *\< 0.001); daggers indicate significant differences vs MTT at individual time‐points (†*P *\< 0.05, ††*P *\< 0.01, †††*P *\< 0.001). (d) Area under the curve (AUC)‐PG, (e) AUC‐IRI, (f) AUC‐CPR were calculated by the trapezoidal rule. Asterisks indicate significant differences at individual time‐points (\**P *\< 0.05, \*\**P *\< 0.01, \*\*\**P *\< 0.001). Statistical analyses were carried out using [anova]{.smallcaps} and unpaired Student's *t*‐test. *P*‐values \<0.05 were considered statistically significant. Data are presented as mean ± standard error. N.S., not significant.](jdi-3-80-g1){#f1}

In the 17 g OGTT, the total GLP‐1 level peaked at 30 min and rapidly decreased to the baseline at 60 min after the glucose load. The total GLP‐1 level peaked at 30 min after the meal load and was sustained for up to 180 min. In the 75 g OGTT, the GLP‐1 level peaked at 60 min and gradually decreased with time, but the level was still higher than baseline even at 180 min. The level of total GLP‐1 at 60 min after the 75 g glucose load was significantly higher than that after the 17 g glucose load ([Figure 2a](#f2){ref-type="fig"}). Although a larger glucose load tended to induce a larger GLP‐1 release, total AUC‐GLP‐1 measured by the 75 g OGTT, 17 g OGTT and MTT were not significantly different ([Figure 2b](#f2){ref-type="fig"}).

![ (a) Concentrations of total glucagon‐like peptide‐1 (GLP‐1) during the 75 g oral glucose tolerance test (OGTT; closed circle), 17 g OGTT(closed square) and meal tolerance test (MTT; closed triangle) in 10 Japanese subjects. Asterisks indicate significant differences vs 75 g OGTT at individual time‐points (\**P *\< 0.05, \*\**P *\< 0.01, \*\*\**P *\< 0.001); daggers indicate significant differences vs MTT at individual time‐points (†*P *\< 0.05, ††*P *\< 0.01, †††*P *\< 0.001). (b) Area under the curve (AUC)‐GLP‐1 was calculated by the trapezoidal rule. Asterisks indicate significant differences at individual time‐points (\**P *\< 0.05, \*\**P *\< 0.01, \*\*\**P *\< 0.001). Statistical analyses were carried out using [anova]{.smallcaps} and unpaired Student's *t*‐test. *P*‐values \<0.05 were considered statistically significant. Data are presented as mean ± standard error. N.S., not significant.](jdi-3-80-g2){#f2}

The baseline levels of GIP were approximately 10 pmol/L. The GIP level rapidly increased, peaked at 30 min after the meal load and gradually decreased with time, but the level was still higher than baseline even at 180 min. In the 75 g OGTT, the GIP level significantly increased at 30 min after the glucose load, peaked at 120 min and were maintained up to 180 min. In the 17 g OGTT, the total GIP level peaked at 30 min after glucose load and gradually decreased to baseline at 180 min. At 30 min after ingestion, total GIP levels in the 75 g OGTT and those in the 17 g OGTT were not significantly different ([Figure 3a](#f3){ref-type="fig"}).

![ (a) Concentrations of total gastric inhibitory polypeptide (GIP) during 75 g oral glucose tolerance test (OGTT; closed circle), 17 g OGTT (closed square) and meal tolerance test (MTT; closed triangle) in 10 Japanese subjects. Asterisks indicate significant differences vs 75 g OGTT at individual time‐points (\**P *\< 0.05, \*\**P *\< 0.01, \*\*\**P *\< 0.001); daggers indicate significant differences vs MTT at individual time‐points (†*P *\< 0.05, ††*P *\< 0.01, †††*P *\< 0.001). (b) Area under the curve (AUC)‐GIP was calculated by the trapezoidal rule. Asterisks indicate significant differences at individual time‐points (\**P *\< 0.05, \*\**P *\< 0.01, \*\*\**P *\< 0.001). Statistical analyses were carried out using [anova]{.smallcaps} and unpaired Student's *t*‐test. *P*‐values \<0.05 were considered statistically significant. Data are presented as mean ± standard error.](jdi-3-80-g3){#f3}

AUC‐GIP was significantly higher in the 75 g OGTT than that in the 17 g OGTT. Unlike GLP‐1, the peak levels of GIP and the AUC‐GIP measured in the MTT were significantly higher than those measured in the 75 g OGTT and 17 g OGTT ([Figure 3b](#f3){ref-type="fig"}).

Discussion {#ss7}
==========

In the present study, incretin levels were estimated after glucose loading or meal ingestion in Japanese NGT subjects.

Between the OGTT studies, AUC‐PG, AUC‐IRI and AUC‐CPR in the 75 g OGTT were larger than those in the 17 g OGTT. Regarding incretins, AUC‐GIP was significantly larger in the 75 g OGTT than in the 17 g OGTT. In contrast, AUC‐GLP‐1 was not significantly different between the 75 g OGTT and the 17 g OGTT. Previous studies showed that a larger amount of oral glucose load elicited more GIP and GLP‐1 secretion[^1,22^](#b1 b22){ref-type="ref"}, whereas a recent study also reported that the secretory response of GIP was more sensitive than that of GLP‐1 to changes in intestinal carbohydrate content[^26^](#b26){ref-type="ref"}. The present study also showed that while GLP‐1 level was not increased, GIP level was increased dose‐dependently in response to glucose load, showing higher sensitivity of GIP to changes of administered nutrient dose.

Between the 75 g OGTT and MTT studies, AUC‐PG, AUC‐IRI and AUC‐CPR were not significantly different. AUC‐GIP was significantly larger in MTT than that in the 75 g OGTT. In contrast, there was no significant difference in AUC‐GLP‐1 among the MTT and the two OGTT. By comparing the results of the three loading tests (75 g OGTT, 17 g OGTT, MTT), we speculate that AUC‐GIP is more susceptible to the contents of each loading test than AUC‐GLP‐1 is. Vollmer *et al.*[^6^](#b6){ref-type="ref"} reported that GIP responses were significantly higher in MTT than in OGTT, whereas GLP‐1 levels were similar in both tests in Caucasian NGT, IGT and type 2 diabetic subjects. Because the mixed meal contains not only carbohydrates but also fat, which has been reported to stimulate GIP secretion[^27--29^](#b27 b28 b29){ref-type="ref"}, it is likely that the increased GIP concentrations after MTT were largely as a result of the fat content, which might have had no additional impact on GLP‐1 secretion.

There are two previous reports that evaluate the incretin levels in both OGTT and MTT in Japanese NGT subjects[^8,30^](#b8 b30){ref-type="ref"}. However, they compared the incretin levels in 75 g glucose or meal load between NGT and type 2 diabetic subjects, but did not compare the incretin levels between 75 g glucose and meal load directly. The present study directly compared the incretin levels in the two OGTT and MTT. Our data clearly show that GIP responses were significantly higher in MTT than those in the two OGTT, whereas GLP‐1 levels were not different between the two OGTT and MTT in Japanese NGT subjects.

According to the study by Yabe *et al.*[^8^](#b8){ref-type="ref"}, AUC‐GIP is similar between the OGTT and MTT group in Japanese control subjects. It should be noted that the difference between GIP secretion after meal load and that after glucose load was far greater in the present study than that in the study by Yabe *et al.* The total caloric content of the test meal used in their study was 480 kcal (carbohydrates 58.4%, protein 20.8%, fat 20.8%) and that in the present study was 450 kcal (carbohydrates 51.4%, protein 15.3%, fat 33.3%). Therefore, it is possible that the higher amount of contained fat in the test meal used in the present study led to the greater response of GIP secretion in the MTT.

Fasting and peak total GLP‐1 concentrations in the present study were approximately 1 pmol/L and 3.5 pmol/L, respectively, and seemed to be lower than those in some published results[^8,31^](#b8 b31){ref-type="ref"}. However, in other reports, total GLP‐1 levels after glucose and meal load were not very different from those in the present study. Rijkelijkhuizen *et al.*[^32^](#b32){ref-type="ref"} measured the total GLP‐1 concentration with radioimmunoassay, and in their results, the fasting and peak total GLP‐1 concentrations in the MTT were approximately 1 pmol/L and 4.5 pmol/L, respectively. In addition, Villareal *et al.*[^33^](#b33){ref-type="ref"} evaluated total GLP‐1 concentrations by the same method that we used in the present study, and reported that the fasting and peak total GLP‐1 concentrations in OGTT were approximately 1.5 and 6 pmol/L, respectively. Judging by the data in these reports, it is not necessarily the case that total GLP‐1 concentrations were extremely low in the present study.

There are some reports showing that GLP‐1 secretion is dependent on meal size, especially on carbohydrate and glucose loads. Schirra *et al.*[^34^](#b34){ref-type="ref"} reported that GLP‐1 plasma levels rose from basal levels to fourfold after 50 g glucose ingestion and to eightfold after 100 g glucose ingestion. Rijkelijkhuizen *et al.*[^32^](#b32){ref-type="ref"} showed that GLP‐1 secretion is increased by the amount of carbohydrate (75 and 109 g) and not by the quantity of the meal. In the present study, however, AUC‐GLP‐1 was not significantly different among the three loading tests (75 g OGTT, 17 g OGTT, MTT) irrespective of kinds or amounts of nutrition load, although larger glucose load tended to induce a larger GLP‐1 release. The most notable difference between the previous studies and the present study was the amount of glucose load. We compared GLP‐1 secretion after administration of 17 g glucose, 75 g glucose and 57.8 g of carbohydrate contained in the meal that we used. The amount of glucose and carbohydrate load in the present study were relatively lower than those in the previous studies. It is possible that evaluation of GLP‐1 secretion after larger glucose loads could be more appropriate to show the glucose dependency of GLP‐1 secretion.

It is also noteworthy that the levels of PG, IRI, CPR, GIP and GLP‐1 at 30 min after the 75 g OGTT and 17 g OGTT were similar to each other. In addition, the levels of IRI, CPR and GLP‐1 at 30 min after MTT and the two OGTT were not significantly different. By contrast, the GIP level at 30 min after MTT was much higher than those after the 17 g OGTT and 75 g OGTT. Given the similar plasma glucose levels at 30 min after the 17 g OGTT and 75 g OGTT, it is likely that under physiological conditions, the rate at which ingested glucose emptied into the duodenum is regulated finely enough to prevent an abrupt increase in plasma glucose levels irrespective of the amount of ingested glucose. Previous studies have shown that GLP‐1 secretion after a test meal or oral glucose load is associated with the rate of gastric emptying, whereas GIP secretion seems to be dependent on nutrient absorption rather than on rate of gastric emptying[^34^](#b34){ref-type="ref"}. Accordingly, a finely regulated rate of gastric emptying might account for the similar levels of GLP‐1 at 30 min after MTT, 17 g OGTT and 75 g OGTT. In contrast, the level of total GIP at 30 min after the MTT was much higher than those after the two OGTT, probably because of the presence of fat in the duodenal lumen, as fat is a forcible stimulant of GIP, as discussed earlier.

The present results clearly show that the secretion of GIP and GLP‐1 are regulated by different nutrient factors. On the basis of our data, it is also suggested that nutritional composition might have a greater effect on GIP secretion than on GLP‐1 secretion in Japanese NGT subjects.
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